Abstract
requires contributions from cytosolic factors including the actin cytoskeleton (1) . The apical 5 junction of cell-cell interface is the prominent site of actin polymerization in epithelial cells even 6 long after the junction has been established (2-4). But we still do not fully understand either the 7 architecture or the regulation of the actin at cell-cell adhesion. 8 Cells generally organize actin into two flavors of architecture: contractile networks that use 9 myosin to generate pulling forces or protrusive networks that use actin polymerization to 10 generate pushing forces (5) . Actomyosin contractility, for example, plays a major role in 11 cadherin biology, especially during development when cadherin adhesive junctions propagate 12 tensile forces across interconnected sheets of cells to drive various cell movements (6) . 13 Contractility also contributes to junction maturation and stabilization in epithelial sheets (7, 8) . 14 Junctional actin polymerization is suggested to build contractile actomyosin (9) (10) (11) (12) (13) (14) . 15 Observations in cells strongly suggest that cadherin-catenin complexes couple to contractile actin 16 networks and that the complex is under tension (8, 15, 16) . 17 Coupling cadherins to the contractile actin cytoskeleton offers great morphogenetic power to 18 sculp tissues but relying on only contractile forces to stabilize junctions in established epithelia is 19 not fail-safe. In vitro measurements show that piconewton pulling forces stabilize the connection 20 between the cadherin-catenin complex and F-actin (17) . In addition, myosin-dependent 21 contractility leads to adherens junction remodeling, perhaps to fortify the junction and make it 22 3 resilient against tearing (7, 11, 18, 19) . But continuing to pull on a broken junction would only 1 tend to propagate the defect which could tear tissues apart (20-23). Cadherin-mediated adhesion 2 is important, and cells tend to evolve safety mechanisms to ensure that important functions 3 remain robust in the face event of a perturbation or occasional failure. 4 We thus reasoned that actin polymerization-dependent protrusive activity might operate as a 5 safety mechanism to keep lateral membranes of neighboring cells close to each other to promote 6 E-cadherin binding. Protrusions are known to be important for initiating the formation of cell- 7 cell adhesion (24, 25), More recently, protrusive activity was shown to be important for 8 establishing and maintain cell-cell adhesion in endothelial cells (26-28). But epithelial cell-cell 9 adhesion (7, 8, (29) (30) (31) ) is intrinsically more stable than that in endothelial cells (28, (32) (33) (34) . 10 Whether protrusive activity continues to operate in mature epithelial sheets is not known.
11
Junctional actin assembly in epithelia depends on factors associated protrusive actin networks (2, 12 3, 23, 35). Thus, we looked for protrusive activities in MDCK (kidney tubular epithelial) cell 13 sheets 3-4 days post confluency with established apical-basal polarity. 14 
15

Results
16
By thin-section electron microscopy we found membrane protrusions of 0.5 m in length that 17 burrowed into neighboring cells near the apical junctional complex (Fig. 1A) . Using live cell 18 imaging of F-actin marker UtrCH, we discovered similar filopodia-like microspikes (36) at the 19 apical junctional complex which consists of tight junctions and adherens junctions (Fig. 1B) (1) . 20 By examining a single labeled cell in a cell sheet, we were able to see membrane structures that 21 are otherwise masked by homogenous labeling like immunofluorescence. Microspikes were 22 detected. Microspikes persist for seconds (mean ± SD lifetime = 10 ± 11 s, n = 85) and undergo 1 dynamic elongation, shrinking and pivoting (Fig. 1C, Fig. S1B and Movie S1). They elongate at 2 the rate of 3.5 m min -1 (Fig. 1C) . After falling back into the cell body, some microspikes bundle 3 with the junctional actin belt (Fig. S1B) . Membrane-bound YFP also revealed dynamic 4 protrusions (Fig. 1D, Fig. S1C and Movie S2). An average cell that is 15 m wide has ~50 5 microspikes (Fig. 1E ). Blocking actin filament (+) end dynamics with cytochalasin D eliminated 6 microspikes, indicating their dependence on actin assembly (Fig. 1E ). Simultaneous imaging of 7 actin and E-cadherin showed E-cadherin on the tip of protruding microspikes, indicating that 8 microspikes push on the junction (Fig. 1C ). 9 We next asked which actin assembly factors promote microspikes. Previous work identified 10 EVL, CRMP-1 and Arp2/3 as three factors necessary for actin assembly at apical cell-cell 11 junctions (2, 3, 23). Arp2/3 nucleates the formation of new actin filaments (37) while EVL and 12 CRMP-1 form a complex that elongates the (+) ends of existing actin filaments (23).
13
Immunofluorescence showed that all three factors localize to apical junctions ( Fig. 2 A- Arp3-depleted cells leading to a weakened junction (Fig. 3F ).
10
To test whether E-cadherin on the invaginated membrane is no longer in contact with E-cadherin 11 on the neighboring cell, we marked all plasma membrane in the cell sheet with a red fluorescent 12 lipid probe (CellMask) and imaged E-cadherin-GFP transfected individual cells within the sheet.
13
GFP-positive and -negative membranes are from the transfected cell and its non-transfected 14 neighbor, respectively. These two cells' lateral membranes clearly detached at the invaginations 15 ( Fig. 3A) . Therefore, the deep invaginations are blisters resulting from failures in cadherin-16 cadherin adhesive bonds. 17 The number of microspikes is inversely related to the number of invaginations in the cell 18 suggesting that protrusive activity prevents unzipping of cadherin adhesions (Fig. 3G) were extant and subsequently dissolved (Fig. 3I ). Comparing actin intensity to E-cadherin 13 intensity shows that a microspike initiated within 10 s of the disappearance of E-cadherin ( filled by merging of adjacent E-cadherin clusters as observed when junction is just formed (24) 17 since the clusters remain in their positions ( Fig. 3I ) (12, 43), but rather by E-cadherin projected 18 by microspikes (Fig. 1C) clusters results in microspike withdrawal ( Fig. S4B and Movie S7).
21
We then tested whether microspikes exert pushing forces on the junction. We simultaneously 22 imaged microspikes in one cell and the membrane labeled by E-cadherin in the neighboring cell. (Fig. 3J ) consistent with the electron microscopy ( Fig. 1A) . Furthermore, the indented 2 membrane bounces back once no longer being pushed by the microspike (Fig. 3J we propose a model for how it might work ( Their numbers were normalized to junction length to give their density.
13
Microspike-cadherin correlation. Fluorescence intensity was traced along 5 μm-long junctions 14 to give a pixel intensity profile (n = 117 pixels for funding (R01-GM106106, R01-DK098398). charts are mean ± SEM with P values from two-sided Mann-Whitney test except for (C). clusters into the neighboring cell and promote re-adhesion. We coated all glass surface with 100 µg ml -1 Matrigel (Corning #356237). All dual marker Electron microscopy. MDCK cells grown on Transwell-Clear were processed for EM (9, 10 Immunofluorescence of an SBP-EVL overexpression cell. Box, EVL localizes to microspikes. 
